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Summary
Early in embryogenesis, the heart begins its rhythmic
contractions as a tube that helps perfuse the nascent
vasculature, but the embryonic heart soon changes shape
and mechanical properties, like many other developing
organs. A key question in the field is whether stresses in
development impact the underlying gene circuits and, if
so, how? Here, we attempt to address this question as
we review the mechanical maturation of heart — and, to
a limited extent, lung and blood — with a focus on a few
key abundant structural proteins whose expression
dynamics have been suggested to be directly sensitive to
mechanical stress. In heart maturation, proliferating fibro-
blasts deposit increasing amounts of collagenous matrix
in parallel with cardiomyocytes expressing more sarco-
meric proteins that increase the contractile stress and
strength of the tissue, which in turn pumps more blood
at higher stress throughout the developing vasculature.
Feedback of beating cardiomyocytes on the expression
of matrix by fibroblasts seems a reasonable model, with
both synthesis and turnover of matrix and contractile ele-
ments achieving a suitable balance. Based on emerging
evidence for coiled-coil biopolymers that are tension-sta-
bilized against degradation, a minimal network model of a
dynamic cell–matrix interaction is proposed. This same
concept is extended to nuclear mechanics as regulated
by stress on the nuclear structural proteins called lamins,
which are examined in part because of the prominence
of mutations in these coiled-coil proteins in diseases of
the heart, amongst other organs/tissues. Variations in
lamin levels during development and across adult tissues
are to some extent known and appear to correlate with
extracellular matrix mechanics, which we illustrate across
heart, lung, and blood development. The formal perspec-
tive here on the mechanochemistry of tissue development
and homeostasis could provide a useful framework for ‘big
data’ quantitative biology, particularly of stress-sensitive
differentiation, maturation, and disease processes.
Introduction
The development of tissuewithmechanical function, such as
heart, lung, muscle, and bone, could be based entirely on
pre-programmed expression profiles and the self-assembly
of components. However, evidence is mounting for the
important influence of mechanics in sculpting cell andmatrix
structure and function, and it seems likely that mechanosen-
sitive pathways help direct tissue growth with feedback that
modulates normal gene and/or protein levels. The heart is
the first functional organ to form, and recent studies1Biophysical Engineering Laboratory, 2Physics and Astronomy
Graduate Group, 3Cell and Molecular Biology Graduate Group,
University of Pennsylvania, Philadelphia, PA 19104, USA.
*E-mail: discher@seas.upenn.edudocument a stiffness that changes daily but matches the
contractile optimum of the cardiomyocytes at each stage
[1]. Extracellular matrix (ECM) density and/or stiffness
indeed regulates embryonic and neonatal cardiomyocyte
structure and function (reviewed in [2,3]) as well as the differ-
entiation of early embryonic or embryonic stem cell derived
cardiomyocytes [4,5]. The brain, in contrast, always remains
soft, consistent with a relative lack of mechanical function.
The cardiomyocyte’s increasing ability to contract suffi-
ciently to pump blood in the heart also parallels the daily
enrichment in the levels of both excitation–contraction pro-
teins and collagen-I relative to protein mass. However, while
cardiomyocytes express key excitation–contraction pro-
teins, they do not make significant matrix [6]; cardiac fibro-
blasts secrete collagen-I and other matrix proteins but do
not express significant muscle contractility proteins or take
part in active beating. A contraction–matrix balance must
therefore be achieved between the two distinct cell popu-
lations, i.e. cardiomyocytes and fibroblasts (Figure 1A).
Biochemical signaling no doubt occurs between cardiomyo-
cytes and cardiac fibroblasts [7], and a host of mechanosen-
sitive and matrix-sensitive pathways have been identified
and found to be important to the function of both cardiomyo-
cytes and cardiac fibroblasts [8]. Here, we focus on the
strictly essential physical interactions of cardiomyocytes
that strain cardiac tissue throughout tissue strengthening
in development. We briefly summarize current descriptions
of fibroblast and cardiomyocyte population dynamics during
development, and we propose a simple network model that
could provide a useful framework for understanding and
further exploring how contraction against tissue stiffness
contributes to a functional balance between the two cell
types during development. Our analyses extend to the
nuclear structural proteins called lamins, and the approach
seems to provide new mechanistic insight into some of the
otherwise unrelated human genes most often linked to
dilated cardiac myopathies, namely lamin-A and the
myosin-II motors [9].
Flow Stresses in Heart Development
As the first functional organ in the developing vertebrate
embryo, the heart begins contracting to pump blood
throughout the rapidly growing organism, driving transport
of oxygen and various nutrients plus other biochemical sig-
nals that can no longer diffuse quickly enough for tissue
growth. In addition to transport, blood flow imposes
both pressures and shear stresses on the developing
heart and vasculature, which has important consequences
for cellular differentiation, proliferation and growth as well
as tissue-scale morphological events [10]. For example,
initial looping of the earliest heart tube occurs independently
of blood flow [11], but subsequent vascularization, and
importantly valvulogenesis, are highly sensitive to blood
flow [12]. The flow-modulated expression of important regu-
lators of cardiomyocyte differentiation, such as NOS-3, ET-1,
and KLF-2, demonstrates mechanosensitivity as these fac-
tors increase or decrease in regions of the developing heart
with higher or lower shear stress [13]. Transforming growth
factor b (TGFb), a growth factor important in the differentia-
tion of fibroblasts to a more contractile phenotype, also
contributes to many events in cardiogenesis [12]; however,
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Figure 1. Cardiomyocytes and fibroblasts
create a balance between contractile ability
and ECM abundance during development.
(A) Schema illustrating how a balance could
be struck. Early in development, cardiomyo-
cytes (red) are relatively small with unorga-
nized and relatively spare myofibril content.
Cardiac fibroblasts (blue) feel strain from
passive and active contraction of surrounding
cells (orange arrows) propagated through the
ECM and cell–cell adhesions (yellow arrows)
prompting them to divide and produce ECM
in a manner responsive to strain (green
arrows) — and growth factors. The increased
ECM due to increased cardiac fibroblast
numbers prompts an increased production of
myofibril proteins and encourages myofibril
organization, which in turn increases contrac-
tile strain on the cardiac fibroblasts. We pro-
pose that fibroblast population growth is at
least in part limited by stiffness conferred
by collagenous matrix production, leading
to a steady state volume fractions of
cardiomyocytes to cardiac fibroblasts in
normal adult tissue. (B) Tissue stiffness of
embryonic chick heart changes throughout
embryonic development in a way that is paral-
leled by changes in both collagen-I and
cardiac myosin-II expression [1]. (C) Half-lives
of collagens (dark blue) and collagen-binding
integrins (light blue), actomyosin contractility
(red), and nuclear lamin (green) mRNAs and
proteins measured in NIH3T3 mouse fibro-
blasts. Half-lives are fairly constant within
functional groups, suggesting similar dyna-
mics within groups.
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R496TGFb binds ECM and is mechanically activated and released
by cellular tension and also by fluid shear forces that stretch
the large latent complex of TGFb in plasma [14]. Such release
likely contributes to cardiac fibrosis in pressure-overload
disease [15]. In normal development and aging, the heart
must continuously produce and respond to adequate blood
flow both for the maintenance of physiological function and
for the biomechanical and biochemical cues it provides.
Thus, as the heart grows to pump more blood, both the
contractile capacity of the cardiomyocytes and the mechan-
ical integrity of the ECM need to increase so that the heart
can provide greater driving pressure.
Cardiac Fibroblast and Collagen Content Increase but
Saturate in Development
Cardiac fibroblasts are mesenchymal cells that arise primar-
ily from the proepicardial region of the developing heart tube
[16] and are the primary ECM-producing cells in the heart [6].
They also play roles in electrochemical and mechanical
signaling [17]. In injuries such as infarcts that cause cardio-
myocyte death, cardiac fibroblasts rapidly proliferate and
contribute to a collagen-rich scar at the site of injury, in
contrast with adult cardiomyocytes that primarily undergo
hypertrophy to compensate for the altered mechanics and
contractility of scar tissue [18].
Quantifying the cardiac fibroblast population has been
difficult due to a lack of reliable markers [19]. Discoidin
domain receptor 2 (DDR2), periostin, and cadherin-11 in
combination with the mesenchymal proteins vimentin and
fibronectin have recently been used as cardiac fibroblastmarkers and have allowed for more precise studies of
when and where these cells arise in the heart and how this
cell population develops [20]. However, quantitative studies
of cellular populations by numbers or volume fraction in
tissue have thus far focused on late embryonic to adult and
aging hearts in various organisms [20] with little understand-
ing of early development and underlying growth/secretion
activity. Differences in fibroblast population numbers in adult
hearts across species are typically attributed to differences
in requirements for increased collagen in order to withstand
greater pressures in larger organisms, for example [16,20].
Similarly, increased collagen levels and fibroblast numbers
are associated with periods of significant growth and post-
natal developmental events that involve stiffening from a
few hundred Pascal to a dozen kiloPascals or higher
[20,21]. Pathological stiffening in response to disease or
injury is also associated with increased collagen levels and
local fibroblast numbers [22].
While most of the markers discussed above are not
expressed until later in development [23], collagen content
across species and through development has been
measured for decades. Collagen-I is first detected at low
butmeasurable levels in the embryonic day 3 (E3) chick heart
tube [24]. Recent proteomic measurements of heart and
brain during embryonic chick development show that this
increase in matrix is matched by contractile proteins and
parallels the increase in tissue mechanics (Figure 1B). By
the time the heart tube first begins beating, the cellular
make-up is thought to be fairly homogenous and primarily
composed of early cardiomyocytes [25]. How the cellular
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R497make-up of the early heart tube develops to that of adult
tissue remains unclear, but cardiac fibroblastsmust increase
to relatively stable levels in adulthood [20].
Systems Biology and Structural GeneModules in Cardiac
Physiology and Development
To address the problem of how these complicated mechan-
ical and chemical effects ultimately affect fibroblast prolifer-
ation, collagen deposition and the associated increase in
contractile capacity of the myocardium would likely benefit
from an integrative analysis of known contributory factors.
A systems biology approach in which the dynamics of rele-
vant mRNAs and proteins are explicit in an appropriate
model that captures both ECM and contractile protein
behavior could prove useful in predicting and understanding
perturbations, especially with respect to the diseases that
affect the many structural proteins.
Systems biology approaches in cardiac physiology and
pathophysiology have the potential to help build an inte-
grated understanding of the electrophysiological and phys-
ical processes involved in cardiac function [26]. Such
approaches might also help identify drug targets. Cardiac
fibroblasts should be included and appear mechanosensi-
tive, at least in culture. Static/cyclic and uniaxial/biaxial
strain have been found to modulate ECM production by
such fibroblasts in a strain-dependent manner, with moder-
ate strain inducing ECM production and large strain
decreasing ECM production [27]. In vivo, such responses
are likely complicated by mechanically stimulated paracrine
signaling molecules that are also known to influence ECM
production and proliferation rates of cardiac fibroblasts [7].
Nonetheless, collagens are the most abundant proteins by
mass in animals and have clear structural functions.
A full understanding of all of the details of how the balance
of the mechanical stiffness and the contractile ability of the
myocardium is achieved and yet changes with age and
pathology ultimately requires a systems-level model to guide
hypotheses. Such a model should explicitly include the
various components of the developing heartmatrix and cyto-
skeleton as well as any other functionally relevant signaling
proteins integrated with a realistic physical model of the
associated mechanics. However, as myocardial stiffening
parallels the expression of actomyosin contractility proteins
and collagen-I (Figure 1B) among hundreds of the most
abundant proteins [1], we initially consider a simplified sys-
tem focusing on the interaction between the mechanical
contribution of collagenous ECM deposited by fibroblasts
versus the contractility of cardiomyocytes.
Genome-wide measurements of the production and
degradation dynamics of mRNA and protein in NIH3T3
mouse fibroblasts have shown that mRNA and protein half-
lives are fairly constant within structural groupings or
modules of key collagens, integrins, and actomyosin com-
ponents (Figure 1C; data from [28]). Whereas the collagen
and actomyosin modules differ significantly in half-lives,
the integrins exhibit intermediate half-lives consistent
perhaps with these membrane proteins serving as an inter-
mediary link between the matrix and the actomyosin cyto-
skeleton. Even the nucleus with structural proteins at the
envelope called lamins exhibit largely coordinated expres-
sion as a module. Moreover, lamina module half-lives
approximate those of the actomyosin module, which seems
consistent with coordinated responses of the nuclear lamina
to actomyosin stresses, as discussed below. Overall, suchdata for a single fibroblastic cell line in culture suggest
a simplified, modular analysis of the molecular systems
biology in which we refer to collagen-I as representative
of the extracellular matrixmodule andmyosin-II as represen-
tative of the actomyosin contractility module of the
myocardium.
Model for Mechanical Coupling between Collagen and
Myosin Production
Since both static and cyclic strains encourage collagen
production by cardiac fibroblasts, and both passive and
active contraction increase in heart tissue through embry-
onic development, what mechanism might ultimately create
the balance between cardiac fibroblasts and cardiomyo-
cytes? As contractility, and therefore myosin expression,
must always effectively strain the heart tissue, we postulate
that proliferation of fibroblasts is ultimately limited by the
stiffness of their environment, which correlates strongly
with collagenous matrix density [1,29].
To explore possible general mechanisms, we propose a
coupled network model of myosin and collagen mRNAs
and proteins within developing cardiac tissue (Figure 2).
With collagen produced primarily by cardiac fibroblasts,
the rate of collagen mRNA production is assumed to be
proportional to the fibroblast population, which is in turn
limited by environmental stiffness and therefore collagenous
matrix density. Cardiomyocytes are of course the primary
contributors of muscle myosin-II in cardiac tissue. Impor-
tantly, collagen matrices have been shown to be stabilized
(against degradation) by applied tension [30]; likewise,
myosin-II molecules under tension remain assembled and
abundant [1,29], with some evidence of tension-suppressed
phosphorylation of nonmuscle myosin-II suggesting an
intermediate step [31]. Striated muscle myosin-II is certainly
degraded in vivo [32], and disuse no doubt favors degrada-
tion and muscle atrophy. The detailed molecular-scale
mechanism for tension-mediated stabilization of rope-like,
coiled-coil polymers is not known, but tension in polymer
fibers and a polymer network is thought to sterically or con-
formationally prevent protease binding to collagen fibers or
kinase binding to myosin minifilaments, which leads to their
dissociation and digestion [29]. While single-molecule
studies of collagen suggest tension-enhanced degradation
[33], such short polymers would tend to unwind under ten-
sion, whereas rope-like polymers would tend to tighten their
coils and knots. Regardless of detailedmechanism, turnover
of key structural proteins appears to be mechanoregulated.
From ECM to the Nucleus: Lamins in Development and
Heart Disease
Beyond ECM and actomyosin, a host of extremely important
mechanosensitive signaling pathways exists at the cell–ECM
interface. These include pathways involving the large super-
family of integrins, but, since the integrins as a group have
typical half-lives for mRNA and protein between those of
collagens and actomyosins (Figure 1C), integrins are inter-
mediates from a systems viewpoint and do not define or
delimit the broader range of expression dynamics. However,
implicit in this interplay is communication of extracellular and
intracellular mechanics with gene regulation, necessarily
involving the nucleus. Mechanosensitivity at the cell–ECM
or cell–cell interface contributes to biochemical signaling
pathways that lead to changes in activity in the nucleus
[34], but mechanical signals from the extracellular
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Figure 2. Network model of interplay between ECM, actomyosin, and
nuclear lamina genetic modules in cardiac tissue development.
Collagen and actomyosin modules are modeled as a simple gene
regulatory network in which the protein is formed proportionally to
the amount of mRNA, mRNA is produced at a protein-dependent
rate, and proteins degrade in inverse relation to the applied tension
that stabilizes the protein networks against degradation. The nuclear
lamin module can be coupled in turn to the actomyosin module with
the same mutually applied tension stabilization against degradation.
This coupling is an example of the types of possible testable
implications of the mechanical interactions between the protein struc-
tural networks.
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R498environment can also be transmitted physically by the
contractile cytoskeleton to the nucleus via connections
through the nuclear membrane to the nuclear lamina [35].
The nuclear lamina is composed of a meshwork of filamen-
tous proteins that confer mechanical stability to the nucleus
and interact with chromatin and various proteins that regu-
late transcription. Lamins are intermediate filaments found
in all metazoans, and in adult vertebrates A- and B-type
lamins are expressedwith a lamin-A:lamin-B ratio that scales
with tissue stiffness and also enhances mechanically
directed differentiation [29].
Lamin expression is developmentally regulated and plays
a role in tissue-specific maturation. Developmental studies
in mouse [36], frog [37], and chicken [38] show that lamin-A
is typically expressed first in muscle and not until late
embryogenesis or shortly after birth, but continues to
increase into adulthood. Quantitative immunoblottingmeasurements in developing chick embryos demonstrated
differential expression of lamins B2, B1 and A in various
tissues [38] in what seem to be the only such measurements
throughout early embryonic chick development. Lamin-B2
was constitutively expressed at relatively stable levels, but
lamin-B1 and lamin-A were variably expressed in tissues
through time. In brain, the total lamin-A plus lamin-B1
normalized by lamin-B2 remained relatively constant
(Figure 3A). This total amount is dominated by lamin B1
throughout development and aging. Although the ratio of
lamin-A to lamin-B2 was negligible before E10, it then in-
creases to a non-negligible level into adulthood (Figure 3B).
Data are lacking for heart embryogenesis, but, by late
embryogenesis and into adulthood, lamin-A is the major
lamin isoform in the heart and constitutes much more of
the heart cell nuclear lamina than in the brain, consistent
with recent mass spectrometry studies in the mouse [29].
In a broad review of genetic mechanisms underlying
dilated cardiac myopathy, mutations in the lamin-A gene
LMNA were among the most common mutations associated
with this disease [9]. Families with autosomal-dominant
dilated cardiac myopathy and conduction-system disease
show defects in lamin-A’s coiled rod-domain and carboxy-
terminal domain [39]. LMNA gene defects account for 33%
of dilated cardiac myopathy with atrioventricular block, a
common conduction disorder and, in a broad range of unre-
lated patients with dilated cardiac myopathy, LMNA muta-
tions occurred in 6% of patients with a general absence of
a broader muscular dystrophy phenotype [40]. Myocyte
nuclei appeared damaged, which could lead to myocyte
death and to the mislocalization and dysregulation of mus-
cle-specific genes [41]. Altered lamin-A assembly and inter-
action with another nuclear protein, emerin, could lead to
dysregulation of nuclear actin and nucleocytoplasmic shut-
tling of MKL1, a critical transcription factor in cardiac devel-
opment and function [42]. Proper lamin-A expression in
developing and mature cardiac tissue is critical for tissue
maintenance from a structural to transcriptional level.
Lamins in the Stressful Process of Blood Development
In development of the incessantly beating heart, mechanical
linkage of ECM to the contractile cytoskeleton and to the
nucleus seems critical and should physically impact nuclear
integrity. However, cells need not be adherent for the
mechanical interplay between the cytoskeleton and nucleus
to have significant consequences. Hematopoiesis of stem
cells and progenitors in adult humans, for example, is
accompanied by large, systematic changes in lamin-
A:lamin-B ratio [43]. These changes likely reflect the me-
chanical stress requirements of the various cell types,
including those that differentiate and migrate across small
pores in the marrow endothelium to ultimately circulate
and survive the shear stresses of blood flow (Figure 3C).
Externally imposed shear stresses regulate embryonic
hematopoiesis [44], and in mouse embryos the transcrip-
tional regulators of hematopoiesis are expressed in the
vascular endothelium soon after blood flow begins [45].
Interestingly, avian blood cells are all nucleated, and so the
lamin stoichiometry ofmaturing blood cells can bemeasured
[38], even after the cells have transitioned from adherent
cells in soft tissue to a fluid environment. Such measure-
ments are perhaps usefully compared to the human hemato-
poietic cells that eventually enucleate in the final stages of
erythropoiesis [43] (Figure 3C).
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Figure 3. Lamin levels in developing heart and
brain [38,43].
(A) Total variable lamin-A plus lamin-B1
normalized by relatively constant lamin-B2 in
brain (blue) and heart (red). In brain, this total
remained relatively constant; in heart, this
total increases from late embryogenesis to
adult levels. Intensity analyses from immuno-
blots have arbitrary units but assumed
different antibodies yield similar intensities.
(B) Lamin-A to lamin-B2 for brain (blue) and
heart (red). In brain, the variable lamins are
dominated by lamin-B1 throughout develop-
ment and aging, although, while the ratio of
lamin-A:lamin-B was negligible before E10, it
then increases to a non-negligible level in
adulthood. In heart, measurements are sparse
and missing during early embryogenesis.
However, by late embryogenesis and into
adulthood, lamin-A is the major variable iso-
form and constitutes much more of the heart
cell nuclear lamina than in the brain. (C)
Lamin-A:lamin-B ratio for embryonic chick
erythrocytes as measured in [38] (pink)
compared with the same ratio for adult human
hematopoietic cells as measured with stoichi-
metric accuracy by mass spectrometry in [43]
(purple).
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that the diverse white cells found in all
sorts of tissues, the nucleated red cells,
the nucleated thrombocytes found in
the circulation of birds and lower
species, and the early hematopoietic stem cells and progen-
itors all might have lamin levels that are related to the local
stresses in their microenvironment. The feedback effect of
lamins ongeneexpression adds to the intriguingpossibilities.
Lung Development and the Protective Lamina
Branching morphogenesis in the avian lung depends on
apical constriction of the epithelial cells in the original bron-
chial tube, and the branching process requires fibronectin as
well as moderate cell tension and cell shape changes [46].
Any associated strains and distortions of lung nuclei would
be sustained only by lamin-B because it is expressed in all
embryonic tissue whereas lamin-A appears in mouse lung
at postnatal day 1, even though lamin-A appears elsewhere
by embryonic day 12 [36]. Adult lung, on the other hand,
has more lamin-A than lamin-B (Figure 4) with a stoichiom-
etry fitting a general power law versus tissue stiffness in
which lung is softer than heart and muscle but stiffer than
bone marrow and neural tissue [29]. Stresses in and on the
lung and its nuclei thus seem to increase from birth to adult-
hood and seem likely to reflect inflation of the lung driven by
the diaphragm muscle. Indeed, mouse embryos with
mutated lamin-B exhibit abnormal development of neural
tissue and lung, with fewer and smaller alveoli and a thicker
surrounding mesenchyme than wild-type mice [47]. Lamin-B
null mice fail to breathe at birth and likely die (in part)
because the diaphragm (which should have a high muscle-
like lamin-A:lamin-B stoichiometry) is abnormally thin and
poorly innervated [48]. Excessive apoptosis of neural pro-
genitor cells within lamin-B mutant embryos [48] is likely to
occur during migration of such cells through dense tissue
because the lamins protect against cell death in 3Dmigration
as they confer nuclear stiffness and thereby regulatemigration [49]. These functions of the lamins as well as the
mechanoresponsiveness of the lamins [29] can thus help
explain normal and some defective development of the lung.
Model of Lamin Levels in Response to Myosin
Mechanical coupling between the nuclear lamins and myosin
in the model of Figure 2 represents the physical interplay
between the nuclear lamina and the cytoskeletal contractile
proteins, respectively. The mechanosensitive response of
lamins is largely downstream of the cytoskeleton–ECM
module since lamin-A is expressed later in embryonic devel-
opment thanmostearlyorganogenesisandseems tocontinue
to change in expression level even into neonatal development
of animal models. Lamin mutants are typically born with all
cellular lineages, and laminopathy-related diseases are often
characterized by late onset, indicating that proper lamin
expression is important in tissue maintenance and aging
response. (Descriptions of the communication from the ECM
to the nuclear lamina have been nicely reviewed in [50].)
Unlike the myosin–collagen model above, lamin and
myosin are produced within the same cell, as every cell in a
chick has a nucleus (in mammals, erythrocytes and platelets
lack a nucleus), so relative cell densities in the tissue do
not need to be taken into account. As with myosins, lamins
in interphase cells seem likely to dissociate from their
meshwork and be degraded when phosphorylated, with
the first evidence for such a process obtained recently
by mass spectrometry of cell lysates [29]. This is not always
the case, as in dividing cells phosphorylation of lamins
classically precedes envelope disassembly without signifi-
cant degradation. However, interphase cells on soft sub-
strates — which exhibit fewer stress fibers and less
contractility — show more lamin-A phosphorylation and
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Figure 4. Schema of adult tissue lamin-A:lamin-B stoichiometries.
Summary of lamin-A:lamin-B stoichiometries of the heart (high, red),
brain (low, green) and the lung (intermediate), with heterogeneous
lung tissue, diaphragm muscle (high), and nerves (low).
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R500lower lamin-A protein levels and no perturbations to mitosis
(where cells always round up). Follow-up studies using a
phospho-specific antibody for lamin-A and phospho-
mimetic constructs of lamin-A (Buxboim, A., Swift, J., Irianto,
J., Spinler, K., Dingal, P.C.D., Athirasala, A., Kao, Y.-R., Cho,
S., Harada, T., Shin, J.-W., and Discher, D.E., unpublished)
demonstrate the expected lamin-A mechanosensitivity to
matrix stiffness in all interphase cells as well as the expected
effects on nuclear rheology. Ultimately, with more measure-
ments of lamin levels in developing tissue, this type of
coupled modeling could be extended to include coupling
of ECM to cytoskeleton to nucleus in the highly stressful
and dynamic processes of development.
Conclusions
During development and aging, the establishment andmain-
tenance of proper mechanics is essential from the cellular to
the organ scale. Primarily focusing on the heart, this review
outlines how a balance is required and struck between con-
tractile components and the stiffening ECM in tissue, and
how this coupling between the ECM and cytoskeleton in
turn couples mechanically to the nucleus. The network
model presented here has the primary aim of succinctly
addressing where molecular mechanics might enter into
otherwise standard, first-order expressions for synthesis
and degradation of key structural factors that dictate cell
and tissue structure and mechanics. This is a central issue
in mechanobiology since there is no more important
response than for a cell to transduce a stress or strain into
a change in protein level reflected at the transcript level. It
could be that forces directly affect transcription, degradation
of transcript, and/or protein synthesis, but if transcriptionsomehow couples to net protein levels, a ‘use it or lose it’
mechanism of protein degradation is a sufficient and likely
mechanism for mechanical stresses to control key structural
gene circuits. Broader uses of such circuit models are clearly
relevant to stem cell differentiation, maturation to a func-
tional lineage, and dysfunction in disease.
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